The effect of residual chlorine on the growth of Selenastrum capricornutum was investigated by an algal growth test to evaluate toxicity. Significant reductions in growth due to monochloramine were observed in the green alga, Selenastrum capricornutum; however, algal growth was not inhibited in the medium containing rice bran because of the disappearance of monochloramine. The removal of monochloramine by rice bran was attributed to the chemical's decomposition by direct reaction with the rice bran. In contrast, no significant reduction in growth was observed in the medium containing free chlorine. The decomposition rate of monochloramine was slower than that of free chlorine in the medium.
INTRODUCTION
Free chlorine has been widely used as a disinfectant for urban wastewater treatment and biofouling in condensers at power plants. Ammonia is commonly present in receiving water systems. Chlorine instantaneously reacts with ammonia to form combined chlorine: monochloramine and dichloramine. 1) Snoeyink and Markus 2) found that the predominant species in residual chlorine was monochloramine. The toxicity of chloramines to fish has been reviewed. 3, 4) Chloramines have been found to cause the formation of methemoglobin, depression of the hexose monophosphate pathway, shortened erythrocyte survival, and hemolysis in hemodialyzed uremic patients. 5) Much of the desired toxicological data has been determined using fish, invertebrates, and various algae of importance in the aquatic ecosystem as biological reagents. A standard procedure for the use of an algal bioassay to determine toxicity has been adopted by the American Society for Testing and Materials. 6) Yamamoto et al. 7) reported that the disappearance of monochloramine was due to self-decomposition which was accelerated presumably by some dichloramine also present. Pain 8) showed that the presence of excess ammonium ions retarded the decomposition of monochloramine. Suzuki et al. 9) reported that the disappearance of monochloramine in artificial seawater was slower than that in distilled water. To remove monochloramine, adsorption on activated carbon or photochemical decomposition have usually been used. 10) One problem with the use of activated carbon is its cost. The photochemical reaction with ultraviolet irradiation hardly occurs without a combination of oxidants. We studied several scavengers to find an effective one. In the process of these examinations, it was found that rice bran removed monochloramine. This work describes the inhibitory effect of residual chlorine on the growth of green alga, Selenastrum capricornutum, and the removal of algal growth inhibition by direct reaction with rice bran.
12.1 mg/l magnesium chloride, 4.4 mg/l calcium chloride, 0.19 mg/l boric acid and 0.42 mg/l manganese chloride proposed by Suzuki et al. (1996) . The cultures were incubated at room temperature (22 ± 2°C)with illumination of 4000-5000 lux. Cell density was determined using a hemacytometer under a light microscope in order to maintain density in the range 1-2 × 10 6 cells/ml. Materials ---Rice bran was purchased at a local market. Sodium hypochlorite solution and activated carbon (powder and granular, coal based carbon) were purchased in practical grade from Wako Pure Chemical Industries Ltd. (Amagasaki, Japan). Preparation of Free Chlorine and Monochloramine ---Free chlorine solution was prepared by dissolving sodium hypochlorite solution in distilled water after analysis of available chlorine. The concentration of available chlorine was determined by titrating the liberated iodine with sodium thiosulfate solution. Monochloramine was synthesized by adding chlorine to a bicarbonate buffer of pH 9.0 (13.13 g sodium bicarbonate and 1.32 g sodium carbonate per liter of water). 11) The following equation was used to determine the amount of chlorine to be added to the buffer:
where A is the desired monochloramine concentration, B is the final volume of monochloramine solution, and C is the chlorine concentration (mg/l). Then, ammonium hydroxide was added. The concentration of free chlorine and monochloramine were then determined according to the diethyl-p-phenylene diamine (DPD) method of Palin. 12) Procedure ---One-hundred ml of medium containing 1-2 × 10 4 cells/ml was placed in a 250-ml glass Erlenmeyer flask, to which monochloramine or free chlorine solution and rice bran were then added. The cultures were incubated for 96 hr at room temperature (22 ± 2°C)with illumination of 4000-5000 lux and at 100 rpm. The concentration of monochloramine or free chlorine was determined by the DPD method of Palin, 12) and cell density was determined every 24 hr. Batch Method for Removal by Rice Bran and Activated Carbon ---To study the removal reaction, batch tests were carried out. Sample 100 ml free chlorine or monochloramine solutions were placed into 100-ml glass-stoppered Erlenmeyer flasks, to which 1 g of rice bran or activated carbon (powder and granular) was then added. The samples were mixed with a stirrer. The reaction mixture was filtered through filter paper (quantitative ashless no. 5A, Toyo Roshi, Ltd., Japan) to remove the rice bran or activated carbon. The initial 10 ml of filtrate was discarded because of the adsorption of monochloramine by the filter paper. Ten ml of this filtrate was placed in a test tube, and the concentrations of free chlorine or monochloramine were then determined by the DPD method of Palin. 13) A blank containing only free chlorine or monochloramine solution was used to monitor the stability of the free chlorine or monochloramine with respect to time. The removal efficiency of rice bran was calculated by eliminating the contribution. Ammonia was measured by the indophenol method. Determination of Chloride Ion ---Fifty ml of the filtrate obtained in the batch method section was used for the analysis of chloride ion. Chloride ion was measured by titration with 0.01 mol/l silver nitrate using potassium chromate solution as the indicator. Statistical Analysis ---Values are shown as means ± S.D. Data were analyzed using one-way analysis of variance (ANOVA) and, when appropriate, by the Student-Newman-Keul test. Results were considered significant at p < 0.05.
RESULTS AND DISCUSSION
The growth inhibition of Selenastrum capricornutum exposed to different concentrations of monochloramine during various periods is shown in Fig. 1 . Significant inhibition of growth with monochloramine occurred at concentrations of more than 0.1 mg/l. This inhibition was observed in the first 24 hr of exposure and was maintained until the end of the 96 hr exposure period. On the other hand, significant inhibition of growth with free chlorine occurred only at the concentration of 1.0 mg/l, but there was growth (Fig. 2) . These results show that inhibition of growth with monochloramine is more toxic than that with free chlorine. The toxicity of monochloramine to the growth of the green alga Selenastrum capricornutum with or without rice bran is shown in Fig. 3 . The algal growth in the test medium without rice bran showed significant (p < 0.01) depression. In contrast, the algal growth in the test medium with rice bran (both of 0.5 and 1.0 g/l) was reduced a little for the first 48 hr, but improved to control levels within 72 hr. This result shows that the damage by monochloramine at the initial stage recovered with the progression of time. Figure 4 shows the removal efficiencies of monochloramine in distilled water as a function of time for rice bran and activated carbon (powder and granular) at 1 g/l levels. Monochloramine was removed from water samples with an average removal efficiency of 97% after 60 min when rice bran was added to distilled water containing 1.0 mg/l monochloramine. The removal by rice bran was similar to that by activated carbon (powder). After 60 min of reaction time, the removal appeared to plateau. Figure 5 shows the free chlorine removal efficiencies in distilled water as a function of time for rice bran and activated carbon (powder and granular). Free chlorine was removed with an average removal efficiency of 99% after 5 min when rice bran was added to distilled water containing 1.0 mg/l free chlorine. The disappearance of free chlorine by rice bran, as well as by powderized activated carbon, was very fast.
Next, we investigated the time course changes in monochloramine and free chlorine in the medium with or without rice bran. Without rice bran, the disappearance of monochloramine was very slow and prolonged. After 96 hr, over 60% of the monochloramine still remained in the medium without rice bran (Fig. 6) . In contrast, after 24 hr monochloramine was almost perfectly decomposed in the medium with rice bran (rice bran: 0.5 or 1.0 g/l). The disappearance of free chlorine was more rapid than that of monochloramine ( Fig. 7) . After 24 hr, over 80% of the free chlorine was destroyed in the test medium without rice bran. Further, free chlorine was almost perfectly decomposed 24 hr after rice bran addition (rice bran: 0.5 or 1.0 g/l). Next, we investigated the mechanism of removal. Kim et al. 13) reported that monochloramine reacts with granular activated carbon, as shown in Equations (a) and (b):
Fig. 1. Growth Inhibition of Selenastrum Capricornutum by Monochloramine
Significantly different from control group: *p < 0.01,**p < 0.001. ᭺ (control): NH 2 Cl 0 mg/l, : NH 2 Cl 0.01 mg/l, ᭝: NH 2 Cl 0.1 mg/l, ᮀ: NH 2 Cl 0.5 mg/l, ᭹: NH 2 Cl 1 mg/l. Data represent the mean ± S.D. of three separate determinations.
Fig. 2. Growth Inhibition of Selenastrum Capricornutum by Free Chlorine
Significantly different from control group: *p < 0.01. ᭺ (control): free chlorine 0 mg/l, ᭝: free chlorine 0.1 mg/l, ᮀ: free chlorine 0.5 mg/l, ᭹: free chlorine 1 mg/l. Data represent the mean ± S.D. of three separate determinations.
Fig. 3. Effect of Rice Bran on Growth Inhibition of Selenastrum Capricornutum by Monochloramine
Significantly different from control group: *p < 0.01,**p < 0.001. ᭺ (control): NH 2 Cl 0 mg/l, rice bran 0 g/l, ᭹: NH 2 Cl 1.0 mg/l, rice bran 0 g/l, ᭝:NH 2 Cl 1.0 mg/l, rice bran 0.5 g/l, ᮀ: NH 2 Cl 1.0 mg/l, rice bran 1.0 g/l. Data represent the mean ± S.D. of three separate determinations. Two different reactions (a, b) apparently take place: C* and CO* indicate activated carbon and a surface oxide on carbon, respectively. Thus, a portion of the NH 2 Cl-N is converted to NH 3 and a portion to N 2 . Activated carbon is a well-known dechlorinating agent for water. It reacts with chlorine as shown in Equation (c). Johnson 14) examined the effect of the presence of surface oxides on the reaction with monochloramine; activated carbon samples were reacted with 0.003, 0.007, and 0.010 mol of HOCl/g. This reaction results in an accumulation of acidic surface oxides, the concentration of which increased with the amount of HOCl reacted for these levels of treatment. During the first 1 hr of the reaction in our experiment using rice bran, no increase in concentration of other chlorine-containing species was noted. As shown in Fig. 8 , the chloride ion concentration began to increase, but the total N concentration began to decrease, indicating the conversion of NH 2 Cl to an end product other than NH 3 . The pH was essentially constant throughout the duration of the test. Taking these results into account, we concluded that the reaction was equivalent to that of activated carbon. The monochloramine reaction with carbon appears complex. All reaction products except the surface oxides were measured in this study. Further studies are needed to determine whether the surface oxides are present on the surface after this reaction. Rice bran contains adequate nitrogen and phosphate. In our laboratory tests, it was confirmed that nitrogen and phosphate did not dissolve from rice bran. We also found that rice bran accelerated the growth of the effective microorganism. Therefore, the use of rice bran is an efficient and cost effective method for removing chlorine residuals from environmental water. Rice bran is a byproduct of making polished rice from brown rice, and is therefore a waste product. This process also offers a significant use of lees material in terms of recycling.
